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Abstract
Macroautophagy (mAG) is a lysosomal mechanism of degradation of cell self-constituents
damaged due to variety of stress factors, including ionizing irradiation. Activation of mAG
requires expression of mAG protein Atg8 (LC3) and conversion of its form I (LC3-I)
to form II (LC3-II), mediated by redox-sensitive Atg4 protease. We have demonstrated
upregulation of this pathway in the innate host defense Paneth cells of the small intestine
(SI) due to ionizing irradiation and correlation of this effect with induction of pro-
oxidant inducible nitric oxide synthase (iNOS). CD2F1 mice were exposed to 9.25 Gy
γ -ionizing irradiation. Small intestinal specimens were collected during 7 days after ionizing
irradiation. Assessment of ionizing irradiation-associated alterations in small intestinal crypt
and villus cells and activation of the mAG pathway was conducted using microscopical and
biochemical techniques. Analysis of iNOS protein and the associated formation of nitrites and
lipid peroxidation products was performed using immunoblotting and biochemical analysis,
and revealed increases in iNOS protein, nitrate levels and oxidative stress at day 1 following
ionizing irradiation. Increase in immunoreactivity of LC3 protein in the crypt cells was
observed at day 7 following ionizing irradiation. This effect predominantly occurred in
the CD15-positive Paneth cells and was associated with accumulation of LC3-II isoform.
The formation of autophagosomes in Paneth cells was confirmed by transmission electron
microscopy (TEM). Up-regulation of LC3 pathway in the irradiated SI was accompanied
by a decreased protein–protein interaction between LC3 and chaperone heat shock protein
70. A high-level of LC3-immunoreactivity in vacuole-shaped structures was spatially co-
localized with immunoreactivity of 3-nitro-tyrosine. The observed effects were diminished in
iNOS knockout B6.129P2-NOS2 tm1Lau /J mice subjected to the same treatments. We postulate
that the observed up-regulation of mAG in the irradiated small intestine is at least in part
mediated by the iNOS signalling mechanism.
Published in 2009 by John Wiley & Sons, Ltd.

Keywords: LC3 protein; autophagy; Paneth cells; ionizing irradiation; iNOS; nitration;
oxidative stress

Introduction

Irradiation remains a major therapy for cancer treat-
ment [1,2]. The total delivered radiation dose is limited
because effect of ionizing irradiation in normal tissues
can cause damage to their barrier functions, result-
ing in systemic failure, [1–3]. The role of macroau-
tophagy (mAG) in the molecular mechanisms of ion-
izing radiation-induced response in normal cells, espe-
cially in the cells of dose-sensitive tissues such as
small intestine, is not clear. Of particular interest is
whether mAG contributes to the ionizing irradiation
response in small intestinal host-defence cells such
as Paneth cells, which are considered to be rela-
tively resistant to ionizing irradiation and therefore can
maintain barrier homeostasis after lethal ionizing irra-
diation exposure [4–8].

mAG is responsible for the routine bulk degra-
dation of redundant or defective organelles, long-
lived proteins, large macromolecules and pathogens,
and thus provides a homeostatic balance of biosyn-
thetic and biodegradative activities and innate immu-
nity [9–12]. mAG is characterized by the forma-
tion of autophagosomes, where portions of the cyto-
plasm are sequestered, cargo-packaged within a double
membrane-enclosed vacuole and transported to lyso-
somes or late endosomes for biodegradation [11–14].
A key step in this process is the conversion of light-
chain protein 3 type I (LC3-I; also known as ubiqitin-
like protein, Atg8) to type II (LC3-II). The conversion
occurs via the cleavage of the LC3-I carboxyl ter-
minus by a redox-sensitive Atg4 cysteine protease.
The subsequent binding of the modified LC3-I to
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phosphatidylethanolamine on the forming isolation
membrane is mediated by E-1- and E-2-like enzymes
Atg7 and Atg3 [15–17]. Therefore, LC3-II protein
is considered to be a marker of an autophagosome
[16,17]. In addition to normal homeostatic function,
mAG is induced in response to certain conditions,
including ionizing irradiation [11,12,18–20]. Induc-
tion of mAG in response to redox stress can be either
protective or detrimental when it results from mas-
sive free radical oxidative damage to biomolecules and
organelles [20–22]. Although the free radical species
produced by ionizing irradiation have a short-term
effect, the radiation-induced activation of pro-oxidant
pathways, such as a signaling pathway of the inducible
nitric oxide synthase (iNOS), can potentiate and pro-
long oxidation and thus can extend up-regulation of
mAG.

To address ionizing irradiation effects on mAG in
Paneth cells, we used CD2F1 mice exposed to 9.25
Gy γ -ionizing irradiation and conducted assessment of
biochemical and morphological alterations at various
days post-exposure. Analysis of small intestinal speci-
mens revealed an increase in iNOS protein, NO, oxida-
tive stress and protein nitration that was accompa-
nied by dramatic increase in immunoreactivity for the
LC3-II isoform, which was predominantly observed
in CD15-positive crypt Paneth cells. This increase
was associated with the formation of distinguish-
able LC3-positive vacuoles identified, using trans-
mission electron microscopy (TEM), as autophago-
somes. A high level of LC3-immunoreactivity in
vacuole-shaped structures was spatially co-localized
with immunoreactivity of 3-nitrotyrosine (3NTyr). The
observed effects were diminished in iNOS knockout
B6.129P2-NOS2 tm1Lau /J mice subjected to the same
treatments. Therefore, the results suggest that the
iNOS signalling mechanism can partially contribute
to the observed activation of mAG in the irradiated
small intestine.

Materials and methods

Animals

CD2F1 and B6.129P2-NOS2 tm1Lau /J male mice were
purchased from Harlan Laboratories (Indianpolis, IN,
USA) and Jackson Laboratories (Bar Harbor, ME,
USA), respectively. Thirty randomly selected mice,
25 g in weight, were assigned to five experimen-
tal groups, placed in acrylic Plexiglas restrainers and
given 9.25 Gy total-body 60Co γ -photon radiation at
0.6 Gy/min in the AFRRI radiation facility. Fifteen
additional mice were assigned to five sham groups and
subjected to all the above treatments except irradia-
tion. Irradiated and sham-treated animals were eutha-
nized at days 1, 2, 3, 5 and 7 post-treatment. Small
intestinal specimens were harvested and kept frozen
at −80 ◦C until analysed. Research was conducted
in a facility accredited by the Association for the

Assessment and Accreditation of Laboratory Animal
Care — International (AAALAC–I). All animals used
in this study received humane care in compliance with
the Animal Welfare Act and other federal statutes and
regulations relating to animals and experiments involv-
ing animals, and adhered to principles stated in the
Guide for the Care and Use of Laboratory Animals
[23].

Histology and TUNEL staining for assessment of
apoptosis

Small intestinal specimens were fixed in 10% buffered
formalin, embedded in paraffin and subjected to sec-
tioning. The sections were stained with haematoxylin
and eosin for histological examination. Crypts and
Paneth cells were identified according to the crite-
ria established by Withers and Elkind [24], Hamp-
ton [8], Garabedian et al [25], Potten et al [26] and
Barker et al [27]. Terminal deoxynucleotidyl trans-
ferase biotin–dUTP nick end labelling (TUNEL) stain-
ing for apoptosis was conducted with a provision of the
manufacturer’s recommendations (Upstate/Millipore;
www.millipore.com).

Immunoblotting

To analyze iNOS, BAG-1, LC3-I, LC3-II, “α-defensin-
4 and IgG, small intestinal tissues were minced
and sonicated in 200 µl sodium Hanks’ solution
(SHS) containing protease inhibitors.The total pro-
tein in the tissue lysate was determined with Bio-Rad
reagent 500-0002 (Bio-Rad, Richmond, CA, USA).
Aliquots containing 20 µg protein in Tris buffer,
pH = 6.8, containing 1% sodium dodecyl sulphate
(SDS) and 1% 2-mercaptoethanol were resolved on
SDS–polyacrylamide slab gels (NuPAGE 4–12% Bis-
Tris; Invitrogen, Carlsbad, CA, USA). After elec-
trophoresis, proteins were blotted onto a PVDF
nitrocellulose membrane (0.45 µm; Invitrogen, cat.
# LC2005). The blots were incubated with mono-
clonal antibodies (1 µg/ml) raised against MAP LC3,
BAG-1, iNOS (Santa Cruz Biotechnology, BD Signal
Transduction, KY, USA), followed by incubation with
species-specific IgG peroxidase conjugate. The per-
oxidase activity was determined using the Enhanced
Chemiluminenscence Plus (Amersham Life Science,
Arlington Heights, IL, USA). IgG levels were not
altered by radiation; we therefore used IgG as a con-
trol for protein loading. Protein bands of interest were
quantitated densitometrically and normalized to IgG.

Immunoprecipitation

Tissue lysates containing 300 µg protein were incu-
bated with antibodies for heat shock protein 70 kDa
(HSP-70, 5 µl; Santa Cruz Biotechnology, CA, USA),
chilled on ice for 1 h, mixed with protein A/G
agarose beads (50 µl; Santa Cruz Biotechnology),
and incubated overnight on a nutator at 4 ◦C. The
immunoprecipitate was collected by centrifugation at
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12 500 × g for 10 min, washed twice with 500 µl SHS
stop buffer and once with 500 µl SHS wash buffer. The
pellet was resuspended in 50 µl electrophoresis sam-
ple buffer, boiled for 5 min and then centrifuged for
30 s to remove the agarose beads. The supernatant was
incubated with 5% 2-mercaptoethanol at 37 ◦C for 1 h
and then analysed with immunoblotting, as described
above.

Nitric oxide and lipid peroxidation (LPO)
measurements

NO production was measured under acidic condi-
tions as nitrite, using the Griess Reagent System with
sulphanilamide and N -1-napthylethylenediamine dihy-
drochloride (Promega, Madison, WI, USA). Malon-
dialdehyde (MDA), a lipid peroxidation end-product,
was measured colorimetrically using a commercial
assay kit (CalBiochem, San Diego, CA, USA).

Transmission electron microscopy (TEM)

Slices (2–3 mm) of tissue were fixed in 4% formalde-
hyde and 4% glutaraldehyde in PBS overnight, post-
fixed in 2% osmium tetroxide in PBS, dehydrated
in a graduated series of ethanol and embedded in
Spurr’s epoxy resin. Blocks were cut on a Leica
Ultracut ultramicrotome. Sections 1 µm thick were
stained with toluidine blue and examined by light
microscopy. Thin (80 nm) sections were stained with
2% uranyl acetate and Reynolds’ lead citrate for TEM,
which was performed on a Philips CM100 electron
microscope.

Immunofluorescence staining

The cryotomy, immunostaining and confocal image
analysis of small intestine specimens were conducted
as described previously [28,29]. The primary anti-
bodies were against: (a) MAP LC3 (goat polyclonal
IgG; Santa Cruz Biotechnology); (b) CD-15 (biotin-
labeled mouse polyclonal IgM; eBioscience); (c) anti-
3-nitrotyrosine (rabbit IgG from Upstate/Millipore;
www.upstate.com). This was followed by incubation
with secondary fluorochrome-conjugated antibody and/
or streptavidin-AlexaFluor 610 conjugate (Molecular
Probes) and with Hoechst 33 342 for counterstain-
ing of the nuclei. The secondary antibodies used
were: (i) ALEXA 488-conjugated donkey anti-goat
IgG (Molecular Probes); (ii) ALEXA 594-conjugated
donkey anti-rabbit IgG (Molecular Probes). Negative
controls for non-specific binding included normal don-
key serum without primary antibody or with sec-
ondary antibody alone. The specificity of binding of
anti-3-nitrotyrosine antibody was tested as described
previously [29].

Statistical analysis

The values for immunochemical and biochemical data
are all expressed as the mean ± standard error of the

mean (SEM). Analysis of variance procedures with
Tukey post hoc correction examined the existence and
nature of temporal trends among the treatment (viz.
sampling time periods post-exposure) level means.
Student’s t-test was also performed. Results were con-
sidered significant when p < 0.05.

Solutions

Sodium Hanks’ solution (SHS) contained in mM:
145 NaCl, 4.5 KCl, 1.3 MgCl2, 1.6 CaCl2, and 10
HEPES (pH 7.40 at 24 ◦C). The protease inhibitors in
HSS included 1 mM EDTA, 1 mM phenylmethane-
sulfonyl fluoride, 1 mM DTT, 1 mM Na3VO4, 1 mM
NaF, along with aprotinin, leupeptin, and pepstatin
(10 µg/ml each). SHS stop buffer contained 50 mM
tris-HCl, 1% NP-40, 0.25% Na+-deoxycholate,
150 mM NaCl, 1 mM EDTA, 1 mM phenylmethane-
sulfonyl fluoride, 1 mM Na3VO4, 1 mM NaF, along
with aprotinin, leupeptin, and pepstatin (10 µg/ml
each). SHS wash buffer contained 1 mM EDTA,
1 mM phenylmethanesulfonyl fluoride, 1 mM DTT,
1 mM Na3VO4, 1 mM NaF, along with aprotinin, leu-
peptin, and pepstatin (10 µg/ml each).

Results

Up-regulation of autophagy in small intestine
of irradiated mice

Exposure of CD2F1 mice to 9.25 Gy γ -ionizing irra-
diation (60Co) induced animal death at day 15 post-
exposure (mortality rate, 85–100%). During the first
7 days post-ionizing irradiation, there were no docu-
mented crypt denudations or morphological changes
(Figure 1), except for the appearance of apoptotic
transformations at the top of villi (Figure 2). As shown
in Figure 3A, a substantial increase in LC3-II isoform
was observed in western blots of small intestine tissue
at day 7 post-exposure. We did not see alterations in
the LC3-II level at day 2 following ionizing irradiation
(data not shown); the elevation in the LC3-II isoform
at day 3 following ionizing irradiation was not statis-
tically significant, whereas the increase in the LC3-II
levels observed at day 7 following ionizing irradiation
was ∼7.5-fold higher compared to sham treatment
(Figure 3A, B). Based on our observations (Figure 3A,
C), the increased immunoreactivity for LC3 protein in
the irradiated small intestine was predominantly due
to accumulation of type II membrane-bound isoform
and, thus, indicated activation of mAG pathway. Note
that the balance of LC3 isoforms in irradiated lung
tissue had a different pattern, as seen with the char-
acteristic LC3-I/LC3-II double-band ‘immunoprint’ in
the protein blotting (Figure 3C).

A growing body of evidence suggests involvement
of chaperone heat shock protein 70 (HSP-70) and Bcl-
2-associated athanogene-1 (BAG-1 ) in regulation of
LC3-translocation. BAG-1 is a multifunctional pro-
tein, acts as a co-chaperone and exerts many of
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A. Sham B. 3d IIr

50 µm

C. 7d IIr

Figure 1. Histology of the small intestine crypts. (A) Specimen obtained from a sham-treated animal. (B) Specimen obtained
from an irradiated animal at day 3 following ionizing irradiation (3d IIr). (C) Specimen obtained from an irradiated animal at day
7 following ionizing irradiation (7d IIr). Paneth cells are indicated by black arrows in (A, B). The Paneth cells were identified by a
characteristic pyramid-like shape and abundance of granules (which appear in red). Increase in degranulation in Paneth cells was
observed at day 7 following ionizing irradiation and is indicated by green arrows in (C)

A. Sham C. 7d IIr

100 µm

B. 3d IIr

Figure 2. TUNEL assay of apoptosis in small intestine. Confocal images of apoptotic cells (green channel) were obtained from
samples of sham-treated (A) and irradiated (B, C) animals. The specimens were collected at the 3rd day (B) and the 7th day
(C) after irradiation. The presence of apoptotic cells (in green) is indicated by arrows. (A–C) Representative images of analyses
conducted, using five specimens in each group

Figure 3. Effect of ionizing irradiation on LC3 status in small intestine tissue of CD2F1 mice. Representative western blot of the
LC3-I and LC3-II proteins (A) and densitometrical analysis of the bands of the LC3-II protein (B); ∗p < 0.05 vs. sham treatment,
days 3 and 7 following ionizing irradiation, n = 5; determined by one-way ANOVA with Tukey post hoc correction. (C) Comparison
of profiles of blotting bands of LC3-I and LC3-II isoforms expressed in lung and small intestinal tissue from irradiated mice.
Assessment of alterations of interaction of both LC3 and BAG-1 with HSP-70 was conducted using co-immunoprecepitation of the
LC3 and BAG-1 proteins with HSP-70 protein. The results are presented in (D) (western blot) and (E) (densitometry histograms);
open bars, sham treatments; hatched bars, day 3 post-irradiation animal group; solid bars, day 7 post-irradiation animal group.
∗p < 0.05 versus sham treatment, n = 3; determined by Student’s t-test

its actions (including suppression of apoptosis) via
binding HSP-70 and Bcl-2 proteins [30,31]. Expres-
sion of HSP-70 has been shown recently to suppress
LC3-dependent vacuolization in vitro [32]. Small
intestine tissue lysates obtained from sham-treated
and ionizing irradiation-treated animals were immuno-

precipitated with HSP-70 specific antibody and the
immunoprecipitates were analysed for autophagosomal
membrane proteins LC3-II and BAG-1 by West-
ern immunoblotting. The results of analysis of co-
precipitation of LC3 with HSP-70 (Figure 3D, E)
showed that irradiated small intestine had a lower

J Pathol (2009) DOI: 10.1002/path
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amount of LC3 capable of interacting with HSP-70
(compared to sham treatment). This effect could result
in a decrease in HSP-70-dependent inhibition of LC3-
dependent vacuolization in irradiated small intestine.
We found a small significant reduction in BAG-1 co-
precipitation with HSP-70 between ionizing irradiation
and sham-treated specimens (Figure 3D, E).

The ionizing irradiation-associated up-regulation of
the autophagy pathway determined by immunochem-
ical analysis of LC3 protein was confirmed using
confocal immunofluorescence imaging of LC3 protein
in small intestine specimens. The projections of LC3
protein in the specimens and relative intensity of

immunofluorescence of LC3 are shown in Figure 4.
The intensity of LC3 immunofluorescence was sig-
nificantly higher after ionizing irradiation treatment,
with its prevalent expression at the region of the small
intestinal crypt (Figure 4B, D) as compared to that
in sham-treated tissue (Figure 4A, C). The increase
in the LC3 immunofluorescence was accompanied by
the appearance of LC3-abundant vesicular formations
in the crypt cells (Figure 4B, inset), which were fur-
ther identified as Paneth cells by their pyramidal shape
and immunoreactivity for CD15 receptors (Figure 5).
The formation of multilayer vesicular structures in
these high-granularity cells was visualized using TEM

Sham

50 µm
7d IIr

A C

B D

Figure 4. Immunofluorescence confocal imaging of the LC3 protein in small intestine. (A, B) Representative projections revealing
LC3 protein (green channel) in small intestinal specimens obtained from a sham-treated animal and an irradiated animal, respectively.
(C, D) Assessment of relative immunofluorescence of the LC3 protein in the projections presented in (A) and (B), respectively.
Counterstaining of nuclei with Hoechst 33342 appears in blue. The confocal images were taken with a pinhole set-up to obtain
0.5 µm Z-sections

Figure 5. Assessment of LC3 immunoreactivity in the CD15-positive (Paneth) crypt cells. (A) Projections revealing CD15 (red
channel) and LC3 (green channel) in a sham-treated specimen. (B) Same as (A) except that the image represents alterations at
day 7 following ionizing irradiation. Co-localization of CD15 and LC3 is shown in yellow as result of interference of green and
red colours (B). CD15-positive cells are indicated by arrows. Vacuole vesicles with 200–900 nm diameters were identified as
autophagosomes. The confocal images were taken with pinhole set-up to obtain 0.5 µm Z-sections. (A, B) Representative images
of analyses conducted using five specimens in each group
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Crypt
Lumen

Paneth cells

5 µm 5 µm

AV

Paneth
cells

A B

AV

C D

1 µm1 µm

Figure 6. Electron micrographs of autophagic vacuoles (AV) observed at the bottom of the small intestine crypts in the
high-granularity pyramid-shaped Paneth cells of irradiated small intestine. (A) Low magnification image of small intestinal crypt. The
pyramid-shaped Paneth cells are observed at the bottom of the crypt and are indicated by arrows in (A, B). (B) High magnification
image of the white rectangular box indicated in (A). (C–D) Micrographs of multilamellar AV in Paneth cells

Figure 7. Gamma irradiation increases iNOS protein, NO production and lipid peroxidation in mouse jejunum. After γ -irradiation
at 9.25 Gy, the ileum collected at 4 h post-ionizing irradiation was analysed for the level of its iNOS protein. (A) Representative
gels of iNOS protein and IgG are presented. (B) The band of iNOS protein was quantified densitometrically and normalized to
IgG. The ileum collected at day 7 following ionizing irradiation was lysed and its lysates were assayed for NO production (C) and
lipid peroxidation (D). ∗p < 0.05 vs. sham group, n = 3; determined by Student’s t-test

techniques (Figure 6). These structures were similar to
those shown recently by other authors and identified
as autophagosomes [18,33].

Assessment of nitrative and oxidative stress
in small intestine
Oxidative modification of Atg4 is considered to be a
non-specific mechanism of stress-induced autophagy

[11,12]. A crucial role of oxidative protein nitra-
tion and iNOS-dependent formation of 3NTyr in
cell signalling is well documented [34]. The over-
all results on activation of the iNOS pathway in the
small intestine after ionizing irradiation are shown
in Figure 7. Ionizing irradiation was followed by a
5.7-fold increase in iNOS protein (Figure 7A, B)
that was accompanied by both a 10-fold increase in

J Pathol (2009) DOI: 10.1002/path
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Figure 8. Confocal imaging of immunoreactivity of nitrated proteins (3NTyr) and the LC3 protein in the small intestine crypt
cells. (A1–A4) Projections of 3NTyr (red channel, A2), LC3 (green channel, A3), nuclei (blue channel, A1), and overlay of all
the above (A4) obtained from a specimen of sham-treated small intestine. (B1–B4) Projections of 3NTyr (red channel, B1), LC3
(green channel, B3), nuclei (blue channel, B1) and overlay of all the above (B4) obtained from a small intestine specimen collected
at day 7 following ionizing irradiation. Formation of autophagy vacuoles is indicated by red arrows in the green channel (LC3)
image. Spatial co-localization of 3NTyr and LC3 is shown in yellow as a result of interference of green and red colours, and is
indicated by white arrows. The confocal images were taken with a pinhole set-up to obtain 0.5 µm Z-sections. Sets (A) and (B) are
representative images of analyses conducted using five specimens in each group

nitrites and accumulation of MDA in the specimens
(Figure 7C, D).

The results of confocal imaging are shown in
Figure 8A (post-sham treatment) and Figure 8B

J Pathol (2009) DOI: 10.1002/path
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Figure 9. Comparison of immunoreactivity for nitrated proteins (3NTyr) and the LC3 protein in the small intestinal crypt cells of
iNOS knockout (B6.129P2-NOS2tm1Lau/J) mice and of wild type CD2F1 mice at day 7 following irradiation. (A1–A5) Images obtained
from small intestine specimens of CD2F1 mice. (B1–B5) Images obtained from small intestine specimens of B6.129P2-NOS2tm1Lau/J
mice. Projections for 3NTyr are presented in (A1, B1). Projections for LC3 are presented in (A2, B2). Superposition of projections
for 3NTyr and LC3 is presented in (A3, B3). Morphological localization of LC3 immunoreactivity in small intestine specimens is
determined using superposition of SI DIC images and respective LC3 immunofluorescence images (A4, B4). Histograms of relative
immunofluorescence of LC3 in the small intestine specimens are shown in (A5, B5). Relatively lower levels of the immunoreactivity
of 3NTyr and LC3 protein was observed in small intestine specimens of B6.129P2-NOS2tm1Lau/J mice as compared to those of
CD2F1 mice. The confocal images were taken with pinhole set-up to obtain 0.5 µm Z-sections. (C1) Immunoblot assessment of
LC3-II protein in the irradiated small intestine of B6.129P2-NOS2tm1Lau/J and CD2F1 mice. (C2) Respective densitometry of LC3-II
bands presented in (C2). ∗p < 0.05 versus irradiated B6.129P2-NOS2tm1Lau/J group, n = 3; determined by Student’s t-test

(post-ionizing irradiation). The specimens obtained
from irradiated animals manifested a substantial
increase in 3NTyr immunofluorescence (Figure 8B2)
that was mainly observed in the lower part of the
crypt region and had high spatial correlation (r =
0.79) with immunofluorescence of the LC3 protein
(Figure 8B3). A combined assessment of immunore-
activity of LC3, 3NTyr and CD15 has confirmed a

substantial increase in the expression of LC3 protein in
Paneth cells affected by 3NTyr formation (not shown).
Given these findings, we further attempted to prove the
presence of interplay of the activated pro-oxidative
iNOS pathway with the mAG pathway. With this
goal, we compared the immunoreactivity of LC3 and
3NTyr in the small intestine crypt cells of both CD2F1
and iNOS knockout B6.129P2-NOS2 tm1Lau /J mice and

J Pathol (2009) DOI: 10.1002/path
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Figure 10. Confocal image analysis of immunoreactivity of the LC3 protein in the CD15-positive crypt Paneth cells of CD2F1
mice (A) and iNOS knockout (B6.129P2-NOS2tm1Lau/J) mice (B) at day 7 following irradiation. Superpositions of projections of LC3
(green channel) and CD15 (red channel) in 0.5 µm Z-sections are presented in (A1; CD2F1 mice) and (B1; B6.129P2-NOS2tm1Lau/J
mice). The blue channel shows counterstaining of the nuclei with Hoechst 33 342. ROI analysis of two-dimensional spatial
co-localization of LC3 immunofluorescence and CD15 immunofluorescence, obtained from (A1) and (B1), is presented in (A2)
and (B2), respectively, and immunofluorescence intensity in (A3) and (B3)

correlated the effect with levels of oxidative stress in
small intestine tissue.

The analyses demonstrated that, in contrast to
CD2F1 mice, irradiation of B6.129P2-NOS2 tm1Lau /J
mice did not cause a statistically significant increase in
NO production (in pM/µg protein, sham: 1.54 ± 0.22
versus ionizing irradiation: 2.23 ± 0.53, p > 0.05,
Student’s t-test) or MDA (in nM/µg protein, sham:
1.30 ± 0.13 versus ionizing irradiation: 1.12 ± 0.32,
p > 0.05, Student’s t-test) in small intestine tissue.
In concord with these data, 3NTyr formation and the
LC3-II level in small intestine specimens of irradi-
ated B6.129P2-NOS2 tm1Lau /J mice were significantly
lower than those observed in irradiated CD2F1 mice.
The discrepancy in the LC3 immunoreactivity between

these two types of mouse was shown with confocal
imaging (Figure 9A, B) and confirmed by immunoblot
analysis of the LC3-II isoform (Figure 9C). The status
of LC3 in Paneth cells in the two groups of irradiated
mice was assessed with region of interest (ROI) analy-
sis of CD15-associated LC3 immunofluorescence. As
shown in Figure 10, the level of LC3 protein was sub-
stantially higher (∼10-fold) in Paneth cells of CD2F1
mice compared to B6.129P2-NOS2 tm1Lau /J mice. One
caveat of the approach used is that the iNOS-deficient
mice are on a different genetic background than mice
with wild-type iNOS function, and this leaves open
a possibility of other mechanisms (aside from iNOS
activity) contributing to the observed effect in the
B6.129P2-NOS2 tm1Lau /J phenotype.
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Discussion

We have shown that a high dose of γ -ionizing
irradiation (9.25 Gy) up-regulates LC3-II (an auto-
phagosome-specific protein) and formation of mAG
vacuoles (AVs) in mouse small intestine at day 7 fol-
lowing ionizing irradiation (Figure 3). Spatial image
analysis reveals a high level of mAG events in
Paneth cells at the crypts of Lieberkühn, where Paneth
cells were identified morphologically and by positive
immunostaining for CD15 (Figures 4–6, 8, 9). We
assume that up-regulation of this pathway in Paneth
cells can be a part of response to the damage pro-
duced by ionizing irradiation to crypt cells and can be
associated with the activation of pro-oxidant metabolic
pathways. This assumption connects the presented
observations with the concept of a crucial role of mAG
in cell reconstitution and survival [4–7,11,12,35]. This
interpretation of the data does not exclude other mech-
anisms, such as an increase in the secretory activity of
Paneth cells in irradiated small intestine as part of the
compensatory response of the innate defence system
to the ionizing irradiation-induced damage to leuko-
cyte tissue. The latter is in concord with a concept by
Cadwell and co-authors of a key role of mAG in the
granule exocytosis pathway in Paneth cells [36,37].
Taken together, activation of mAG following ionizing
irradiation can be important for crypt homeostasis.

Up-regulation of mAG under redox-stress condi-
tions can occur at transcriptional, post-transcriptional
and post-translational levels. A range of processes are
involved, including expression of Atg genes mediated
by redox-signalling mechanisms, unfolding of consti-
tutively expressed mRNAs bound to redox-sensitive
mRNA-binding proteins, unfolding of autophagy pro-
teins (Atgs) bound by stress-sensitive chaperones, and
redox-dependent enzymatically-controlled conversion
of autophagy proteins (as proposed recently for LC3-I)
[16,17,38,39].

Here we assessed the dynamics of LC3 protein
to track mAG in small intestine cells in the post-
irradiation period. The observed increase in the lev-
els of LC3-II in the irradiated small intestine were
unlikely due to transactivation of the Atg8 gene, since
we did not find a significant difference in Atg8 mRNA
levels between irradiated and sham groups (Gorbunov
and Kiang, unpublished data). However, the presence
of high levels of constitutive Atg8 mRNA in the anal-
ysed specimens might suggest the involvement of post-
transcriptional and post-translational mechanisms in
the production of LC3-II. One of the explanations for
the mAG effect in the presented model is iNOS/NO-
dependent post-transcriptional expression of LC3-I,
followed by redox-dependent conversion of LC3-I
to LC3-II mediated by Atg4 [9,22,38,39]. Indeed,
NO can orchestrate post-transcriptional gene regula-
tion by modulation interactions between RNA-binding
proteins and regulatory elements in the untranslated
regions of mRNA, which in turn can modulate mRNA
stability and translational efficiency and ultimately

lead to accumulation of LC3 protein [39,40]. In this
report, LC3-II immunoreactivity was observed in the
irradiated CD2F1 (iNOS+/+) mice and was preceded
by activation of the iNOS pathway (Figures 9, 10). At
day 7 following ionizing irradiation, protein nitration
occurred in crypt Paneth cells of CD2F1 (iNOS+/+)
mice, where the immunoreactivity of 3NTyr co-
localized with the immunoreactivity of LC3 and AV
(Figure 9). The observed effects were diminished in
iNOS knockout B6.129P2-NOS2 tm1Lau /J mice sub-
jected to the same treatments. Taken together, alter-
ations in the cell redox status could trigger the Atg4-
dependent conversion of LC3-I to LC3-II and thus
stimulate autophagy at the site of oxidation. However,
we cannot exclude other mechanisms for activation of
LC3-II pathway in the irradiated animals.

Analysis of literature data suggests that an important
step in mAG activation can be the release of LC3-I
and LC3-II proteins folded by HSP-70 in conjunction
with its activator and co-chaperone BAG-1 to further
promote vacuolization [32,41,42]. Herein, we showed
that up-regulation of autophagy was accompanied by
decrease in protein–protein interaction between LC3,
HSP-70 and BAG-1 that was consistent with the
discussed literature data.

In summary, ionizing irradiation increased LC3-
II in CD15-positive Paneth cells at day 7 following
exposure. The increase was correlated with iNOS
activation, NO production, lipid peroxidation and
protein nitration. Whether mAG is specifically up-
regulated by iNOS signalling mechanism, or interferes
with other pathways, such as innate antibacterial
response, in irradiated small intestine, is not known
and requires further investigation.
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